In order to investigate the impact of collective neutrino oscillations (CNO) on the neutrino signal from a nearby supernova, we perform 3-flavor neutrino oscillation simulations employing the multiangle effect. The background hydrodynamic model is based on the neutrino hydrodynamic simulation of a 8.8 M⊙progenitor star. We find that CNO commences after some 200 ms post bounce. Before this, CNO is suppressed by matter-induced decoherence. In the inverted mass hierarchy, the spectrum ofνe becomes softer after the onset of CNO. To evaluate the detectability of this modification, we define a hardness ratio between the number of high energy neutrino events and low energy neutrino events. We show that Hyper-Kamiokande (HK) can distinguish the effect of CNO for supernova distances out to ∼ 10 kpc. On the other hand, for the normal mass hierarchy, the spectrum of νe becomes softer after the onset of CNO, and we show that DUNE can distinguish this feature for supernova distances out to ∼ 10 kpc. Furthermore, we show that if the spectrum of νe in HK becomes softer due to CNO, the spectrum of νe in DUNE becomes harder, and vice versa. This synergistic observations inνe and νe, by HK and DUNE respectively, will be an intriguing opportunity to test the occurrence of CNO.
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I. INTRODUCTION
A major goal of low-energy neutrino astronomy is observing a high statistics neutrino signal from a nearby core-collapse supernova [1] . The neutrino burst from SN1987A was an epoch-making observation that demonstrated the crucial link that massive stars release huge amounts of energy at its endpoint in form of neutrinos and trigger a supernova explosion. Even with limited neutrino event statistics (about 20 events), the signal revealed much about the importance of weak-interaction physics in the core-collapse. Tens of thousands of neutrino events are expected from the next nearby corecollapse supernova, and the events are anticipated to provide unprecedented information of the explosion (see, e.g., the reviews [2] [3] [4] [5] [6] [7] [8] [9] ).
There are multiple operational neutrino observatories that can detect a high-statistics neutrino burst event from a nearby supernova, e.g., SuperKamiokande (SK) [10] , IceCube [11] [12] [13] and KamLAND [14] . SK is able to obtain both the light curve and spectrum of the neutrino. To decrease the background using coincident tagging technique, SK will soon be upgraded with gadolinium [15] . IceCube plays an important role in detecting time-variability of the signal with high statistics, by taking advantage of its large volume [16] . KamLAND is sensitive to low-energy neutrino and is even sensitive to neutrinos emitted during the last Si-burning phase of the progenitor [14] . In the future, large volume detectors such as HyperKamiokande (HK) [17] and JUNO [18] will become available for detecting electron anti-neutrinos out to further distances, while DUNE [19] will dramatically enhance the capabilities to detect electron neutrinos.
In parallel to the development of neutrino observation facilities, the theory of neutrino emission and their propagation through the supernova and progenitor have dramatically progressed [2, 3, 6] . The technique of neutrino radiation hydrodynamics has become highly sophisticated [20] [21] [22] [23] [24] [25] [26] and can provide reliable neutrino luminosities and average energies. Using reliable techniques, three dimensional simulations are now available [27] [28] [29] [30] [31] [32] [33] [34] and many interesting phenomena have been discovered, e.g., SASI [31, 35] , LESA [36] , and low-T /|W | instability [37] .
Perhaps the most distinct progress in the theory of neutrino propagation is the realization that Collective Neutrino Oscillations (CNO) can operate in the supernova environment (see, e.g., reviews [38] and references there in). CNO is an oscillation that happens in the high density region of neutrinos and leads to a potential for the flavor oscillation. In this sense, CNO is similar to the MSW effect [39, 40] ; however, the effect of CNO is complicated since the potential is made by the neutrinos themselves, and makes the problem non-linear. Interesting features of the oscillated neutrino energy spectra, caused by so-called spectral swaps, have been obtained by pioneering CNO studies [41] [42] [43] . To predict the spectra, formulated the basic quantities and oscillation modes [42] . Fogli et al. 2009 argued that spectral splits emerge as dominant features in the inverted mass hierarchy [43] . Note that the value of θ 13 was not known very well at the time of these studies [44] .
Although initial works on CNO assumed generic matter and neutrino profiles, recent works employ the results of numerical simulation of neutrino radiation hydrodynamics [45] [46] [47] [48] [49] [50] [51] . One important finding in these works is the importance of matter-induced decoherence, so-called matter suppression [45, 46, 48, 52, 53] . Essentially, if the matter density is higher than the neutrino density, the wavelength of the neutrino's wave function becomes short and the different paths from the proto neutron star cause significant decoherence of the wave functions. As a result, CNO is highly suppressed in such epochs. After this finding, extensive studies of CNO were provided by Wu et al. 2015 , where a progenitor of 18.0M ⊙ was used [50] . The rate of neutrino events expected at SK and DUNE were computed, and the possibility to distinguish the neutrino mass hierarchy has been suggested.
One important lesson from previous studies is that the final neutrino spectrum is significantly affected by not only the neutrino fluxes, but average energies and angular distributions. Recently, Horowitz et al. 2017 proposed a new reaction rate of neutrino nucleon scattering [54] . This causes the neutrino flux to significantly change, potentially impacting previous CNO results [50] .
In this paper, we investigate the impact of CNO on the neutrino events from a nearby supernova and discuss its detectability. We perform the first such study using the set of new neutrino reaction rates of Horowitz et al. 2017 and Horowitz 2002 [54, 55] as well as the other new reaction rates that are summarized in Ref. [56] . These new reactions can change the neutrino emission and hence the resulting neutrino oscillation and detection. The structure of the paper is as follows. In Section II, we introduce our numerical schemes for the hydrodynamic simulations and the neutrino oscillation computations. In Section III, we discuss our results, starting with the dynamics of the explosion, followed by features of neutrino oscillations, and finally, the detectability of CNO. In Section IV, we summarize our results.
II. METHODS
We performed two kinds of numerical simulations. First one is the hydrodynamic simulation of core-collapse supernova from a progenitor model. Second one is that for the three flavor neutrino oscillations using snapshots obtained by the hydrodynamic simulation. In this section, we explain the numerical methods and settings for each.
The hydrodynamic simulation was performed by 3DnSNe code (see the references [29, 52, [56] [57] [58] [59] [60] for recent application of this code). The evolution of the variables are solved in coordinate of spherical polar geometry. A piecewise linear method with the geometrical correction is used to reconstruct variables at the cell edge, where a modified van Leer limiter is employed to satisfy the condition of total variation diminishing (TVD) [61] . The numerical flux is calculated by HLLC solver [62] . The models are computed on 1 dimensional spherical polar coordinate grid with a resolution of 512 radial zones. The radial grid is logarithmically spaced and covers from the center up to the outer boundary of 5000 km. Recently we updated our neutrino reactions [56] . Among them, the effect of virial expansion on the neutrino nucleon scattering is important and this significantly changes the neutrino flux [54] . The equation of state used in the simulation is the Lattimer and Swesty with incomprehensibility of K = 220 MeV [63] .
The progenitor employed in this study is a 8.8M ⊙ star [64] [65] [66] . The setup of the envelope is same to that of Kitaura et al. 2006 [67] . Since the density of the envelope is low in this model, the matter suppression is weak and the signature of CNO is expected. In the context of neutrino oscillation, Saviano et al. 2012 also uses this progenitor [48] .
Flavor transitions of free-streaming neutrinos are calculated as post processes of the hydrodynamic simulation whose time snapshots give us the strength of the electron matter potential [39, 40] We employ the bulb model [42] and solve the time evolution of neutrino and anti-neutrino density matrices in three-flavor multiangle calculations based on Ref. [52] .
We sample 50 points in neutrino energy E ≤ 60 MeV and choose 1000 neutrino angular modes which are typical values to prevent numerical multiangle decoherence [74] . The radius of the neutrinosphere is fixed at 30 km which is close to sharp declines in the baryon density profiles. On the surface of the neutrinosphere, we set initial neutrino spectra as non-degenerate Fermi-Dirac distributions φ i (E) (i = ν e ,ν e , ν X ) [68] whose neutrino temperature is derived from the value of neutrino mean energy (see the middle panel of FIG. 2) . The multiangle calculations are carried out up to 1500 km where CNO have finished. In our simulation, MSW resonances do not appear in typical neutrino energy scale ∼ MeV within 1500 km because of high electron number density.
III. RESULTS
We discuss the impact of neutrino oscillations on the detection rates at observation facilities HK, JUNO and DUNE. We first introduce our hydrodynamic setups that are used. In particular, the radial profile of the density and electron fraction as well as neutrino luminosity and energies are employed from the hydrodynamic simulation. Then, we introduce our calculation of neutrino oscillations, followed by detection.
A. Hydrodynamic Model
The dynamics of the supernova explosion is characterized by the shock. In our mode, the shock revives quite early by neutrino heating. The black curve of FIG. 1 shows the evolution of the averaged shock radius. The shock revival time is 90 ms after bounce. We adopt the widely used convention of shock revival time defined as the time when the shock reaches 400 km [75] . This early shock revival time is due to the low mass accretion rates of this progenitor, which has very a diluted envelop ( see  FIG. 2 of Ref. [76] ). After shock revival, the shock continuously expands and reaches 1000 km at 120 ms after bounce. This result agrees with previous works (e.g. FIG 3 of Ref. [77] ). It should be noted that shock revival happens even in 1D geometry for this progenitor.
After shock revival, the density of the shocked region decreases. The color map of FIG. 1 shows the logarithmic density as a function of time and radius. As shown later, the region above 200 km is important for the neutrino oscillation in this model. While the density at 200 km is increased by the mass accretion before 100 ms post bounce, the density is decreased and reaches 10 7 [g/cm 3 ] at about 200 ms post bounce. We use this radial density profile in the calculation of neutrino oscillation.
The information of neutrino spectra is necessary for the input of the simulation of CNO. The evolutions of the neutrino luminosities and energies are shown in FIG. 2. The green, red and blue curves correspond to ν e ,ν e and ν X , respectively. In the top panel, the luminosities after 150 ms post bounce are not so deviated from that of Ref. [46] . Before 150 ms, our luminosities are higher than that of Ref. [46] since an updated set of neutrino opacities is used ( see FIG. 15 of Ref. [56] ). In our model, the luminosity of anti-electron neutrino is larger than that of electron type neutrino. This feature is not prominent in previous works (see FIG . In all, the green dotted, red solid, and blue dashed curves correspond to νe,νe and νX , respectively. We evaluate the luminosities and energies at 500km and assume the bulb model, i.e., those luminosities and energies are set to the neutrino sphere in the oscillation simulations.
might originate from whether the weak magnetism [55] is employed or not. The weak magnetism decreases the opacity for the anti-electron neutrino and makes it easy to escape. In the middle panel, the hierarchy of the average energy is consistent with other simulations during the accretion phase: ν X >ν e > ν e . The average is also higher compared to that of Ref. [46] due to the new reaction set (see FIG. 15 of Ref [56] again). The hierarchy of number luminosity has an interesting feature. In the bottom panel, before 200 ms post bounce, the hierarchy is ν X <ν e < ν e , which is typical in the accretion phase of core-collapse supernovae. However, at 300ms post bounce, all number luminosities converge and there is no hierarchy. This feature leads to interesting flavor mixing as discussed later.
B. Neutrino Oscillation
Using snapshots taken from the hydrodynamic simulation, we calculated the neutrino oscillation. We use rotated frame of e − x − y instead of the flavor frame of e − µ − τ [79] . In this section, we mainly focus on the spectrum of electron anti-neutrino. The application to oscillations in the electron neutrino sector is discussed in the next section.
The effect of neutrino oscillation appear about 200 ms post bounce. A few selected snapshots of the neutrino spectrum are shown in the top panel FIG . 3 for the case of inverted mass hierarchy. At 181 ms, CNO is suppressed by the multiangle matter effect [74] . Such suppression is induced by the angular dependence in the matter potential which cannot be removed in a co-rotating frame [42] and causes decoherence. In the early epochs of the post bounce phase, the multiangle matter effect becomes prominent owing to the dense matter profile outside the neutrinosphere. By 231 ms, CNO is found above 20 MeV in the neutrino sector and the energy range showing CNO features expands. Finally at 331 ms, a significant spectral swap is found over all energies. The high energy neutrinos are the first to show the feature of the oscillation, and low energy neutrinos follow later. As we shall show, such development of oscillation is crucial in the discussion of the detectability of CNO.
The radial profiles of conversion probabilities P eα = P (ν e →ν α ) (α = e, x, y) [70] are helpful to understand the behavior of non-linear flavor transitions. In FIG. 4 , we present the conversion probabilities of anti-neutrinos at 231 ms in the inverted mass hierarchy. Such probabilities are derived from angle averaged diagonal components of density matrices (see Eq. (11) in Ref. [52] ). The top panel corresponds to the evolution of survival probabilities ofν e . The value of P ee remains unity as long as flavor transitions are negligible. The middle and bottom panels show how emittedν e on the surface of the neutrinosphere is transformed toν y andν x , respectively. We are solving the time evolution of neutrino and anti-neutrino density matrices in three-flavor multiangle calculations. Non-diagonal components in neutrino self interactions Hamiltonian grow up prominently when once self interactions term couple with vacuum Hamiltonian. Such non-diagonal potential gives rise to non-linear collective motion in flavor space. In FIG. 4 , we show the flavor evolution at three typical energy of anti-neutrinos. CNO starts at 250 km in the e − y sector. High energy neutrinos of 40 MeV experience of FIG. 4 . On the other hand, more energetic electron anti-neutrinos, for example 12.0 and 40.0 MeV, transform to other flavorsν x andν y , which cause spectral swaps in the anti-neutrino spectra. In particular, theν y −ν x conversions appear in non-linear transitions in high energy anti-neutrino, as shown in the bottom panel of FIG. 4 . Such three-flavor peculiar mixing is also found in the previous numerical studies [70, 71] and arise from a small flavor asymmetry in the neutrino number luminosity, e.g., at 231 ms: Φ Complete spectral swaps, which are generally observed under the single angle approximation [42] , fails in multiangle simulations because the coherence of non-linear flavor transitions are smeared out by angular dispersion in the matter potential [74] . In the high energy region, E > 35 MeV, flavor conversion occurs prominently in the e − x sector after e − y conversion. Then, the spectra of three flavor anti-neutrinos become degenerate as implied by the 40 MeV anti-neutrino curve in FIG. 4 . In general, three flavor mixing would induce complex spectral swaps in the outer layers different from a simple two flavor picture. However, in the high energy region, the spectra of all flavors of anti-neutrinos are degenerate so that any flavor transitions in the outer layers are negligible.
In the case of normal mass hierarchy, CNO is suppressed at 231 ms. Such hierarchy difference may come from the multiangle suppression [71] of e − x and e − y sectors. In inverted mass hierarchy, the e − y conversion occurs dominantly thorough all energy region in CNO. Subsequently, three flavor mixing appears in high energy region. In normal mass hierarchy, however, the role of ν x and ν y would be opposite. In the later accretion phase, such as 281 ms and 331 ms, CNO occurs even in normal mass hierarchy, because the baryon density becomes lower outside the neutrinosphere and small asymmetry between neutrino number luminosities grows up three flavor effects in multiangle simulations [71] . We find that CNO mainly occurs in the e−x sector and followsν x −ν y mixing. It seems that e − x conversion is strongly suppressed by multiangle effect, which makes negligible fla- vor transitions during the early explosion phase in normal mass hierarchy. We remark that such e − x conversion in normal mass hierarchy is not shown in previous studies [70] . The reason could be the value of effective mixing angles they employed: θ 12 = θ 13 = 10 −3 . Such small mixing angles suppress e − x conversion and only result in e − y conversion in the high energy region.
C. Detectability of the feature of CNO
Next we discuss the detectability of the signatures of CNO. The neutrino flux at Earth, f (f) ν , can be estimated by Eqs. (23) and (24) of Ref. [50] . In these equations, the effect of MSW is included and that of Earth effect is not included. The rotated frame of e − x − y is also used [79] . For convenience, we summarize the relevant parts. For normal mass hierarchy, the equations are 
In the above equations, c ij and s ij stand for cos θ ij and sin θ ij , respectively. We denote our spectrum after CNO as f (a) ν
1 . In the case of inverted mass hierarchy, the antineutrino experience MSW resonances after CNO. At the high resonance,ν e andν y are completely swapped. At the low resonance,ν e andν x are mixed and 70% of thē ν e survives. In short, we obtain an approximate equation from Eq. (4):
where the f
represents the "original flux" and ǫ is the survival probability ofν e just after CNO, i.e., f
νX . Here conversion between e − y is assumed. Namely we substituted the following equations to Eq. (4), f 5) . But after the MSW high resonance after CNO, the swap of CNO is largely canceled out, i.e., the spectrum of anti-electron neutrino is unchanged from the original. Finally, after the MSW low resonance, the final survival probability at Earth becomes ∼ 0.7. Since ǫ is not 0 and has a small value, the real survival probability ofν e is less than 0.7 at Earth. This feature can be seen in the high energy region in the bottom panel of FIG. 5.
ν . The superscript, (i), means the "initial flux".we change the superscript of the variable to avoid confusion with the original flux. In our study, the neutrino has not reached the point of the high resonance, our spectrum is considered as the initial flux that the authors define. See also Eq. (19) for their definition of the variable [50] .
Detection Property ofνe
The neutrinos that reach Earth can be detected by neutrino observation facilities. The main interaction for ν e is the inverse-beta decay. The event rate of the inversebeta decay, 
where N tar is the number of the target in the detector, E th is the threshold energy of the detector, For the case of HK detector, we adopt
where V is the volume of the detector, set to 220 kton, N A is Avogadro constant, and ρ H2O is the density of water. In the equation,
is the mass fraction of hydrogen in H 2 O and equals The red/blue color represents the event number with/without CNO. Naively, one may expect that the with/without CNO scenarios can be distinguished since their difference is larger than the Poisson error. However, this neglects other sources of errors coming from our limited knowledge on the progenitor. For example, it is hard to know the detailed structure of the 2 Here we ignore the dependence of kinetic energy of the scattered particle in the cross section. In general, we have to take into account that. For example, in the case of the scattering of neutrino and electron, the kinetic energy of the electron should be considered in the equation. In the case of inverse-beta decay, the kinetic energy is identically determined and we do not have to include it explicitly in the equation. stellar core in reality, which strongly affects the neutrino luminosity [82, 83] . And if the explosion happen in our Galaxy, the evaluation of its distance is oftentimes difficult. The distance to the supernova can easily change the neutrino luminosity [84] . These uncertainties can be larger than the difference between with/without CNO.
While it may be difficult to distinguish the with/without CNO scenarios based solely on the event number, there are ways to circumvent much of the additional systematic uncertainties. To see the effect of CNO, we define the hardness ratio, R H/L , following Ref. [85] :
where N Ec<E and N E<Ec are event numbers whose neutrino energy is above E c and below E c , respectively. The error of the ratio is given by the following equation:
This ratio is sensitive to the neutrino average energy and not sensitive to the integrated flux. That means the error from the stellar structure and distance of the source does not strongly affect the ratio. The evolution of the hardness ratio with E c = 20 MeV is shown in the top panel of FIG. 6 in dotted lines (the right axis). The blue line corresponds the ratio without CNO. Due to MSW high-resonance, the spectrum ofν e at Earth is exactly that of the original ν X . The red line is depicted with the effect of CNO. CNO changes the spectrum and some fraction of the original spectrum ofν e remains in the spectrum at Earth. Compare to the case without CNO, the spectrum with CNO becomes softer since the average energy of the originalν e is lower than that of the original ν X .
When CNO happens, the hardness ratio suddenly becomes smaller. This feature is easy to distinguish from that of without CNO since the ratio naturally tend to increase as time goes by. The latter trend is seen in the blue dotted line in the top panel of FIG. 6 . In the end of accretion phase, the neutron star is shrinking. Then the neutrino spectrum naturally evolves to become hard as the neutrinosphere becomes smaller and the effective temperature becomes higher. Since the effect of CNO is the opposite of this generic trend, it can be easily identified. The error bar of the hardness ratio at 10 kpc source is less than the difference between the models with and without CNO. We can distinguish the two models even if we take the 1σ Poisson error into account.
In the case of normal mass hierarchy, the hardness ratio ofν e becomes hard with the effect of CNO. We calculate the flux at Earth using Eq. (2). An approximate equation of Eq. (2) is
where ǫ is the survival probability ofν e just after CNO (conversion between e − x is assumed). The event rate and the hardness ratio with E c = 20 MeV are given in the middle panel of FIG. 6 . The blue line corresponds that of without CNO model, i.e., ǫ = 1. In the normal mass hierarchy, MSW high resonance does not affect the spectrum ofν e and 70% ofν e survives at MSW low resonance (see Eq. (10)). As a result, the spectrum at Earth is similar to that of the originalν e and the hardness ratio is low. The red lines show the results with CNO. In this case, CNO decreases the survival probability ofν e . The spectrum ofν e at Earth contains a large fraction from the original ν X . As a result, the hardness ratio becomes higher. Unfortunately, this leaves from level of degeneracy with the natural rise of the hardness due to the evolution of the proto neutrino star. One would have to compare the rise times of the hardness ratio to draw a robust conclusion. While the error bar of the hardness ratio is much smaller than the difference of the models in the panel, we have to consider the degeneracy. It is difficult to distinguish the effect of CNO if the source distance becomes much larger than 10 kpc. The value of the hardness ratio depends on the detector. The event rate and the hardness ratio of JUNO are given in the bottom panel of FIG. 6 . Since the energy threshold of JUNO is lower than HK, JUNO can capture low energy neutrinos. Reflecting that feature, the value of the hardness ratio becomes low compared to that of HK. However, the overall features are not so different. Due to the smaller volume of JUNO, the source distance should be less than 5 kpc to distinguish the effect of CNO. We use Eq. (6) to evaluate the event number. We assume that JUNO is a 20 kton detector [86] . First we evaluate the event rate in KamLAND and later multiply a factor coming from the volume difference of (20/0.7) to obtain the rate in JUNO. The number of target proton in Kam-LAND, N tar , is 5.98 × 10 31 for each 0.7 kton, fiducial volume [87] . It should be noted that KamLAND uses dodekan and the density and mass ratio for H 2 O cannot be applied. The cross section is same as that of HK. The energy threshold is 1.8 MeV.
Detection Property of νe
CNO is also expected in the electron neutrinos, where the oscillation property is as interesting as that of electron anti-neutrinos. Although it is difficult to detect larger numbers of clean ν e s with detectors currently in operation, the future large-volume liquid argon detector, DUNE, is expected to change this. To prepare for this era, we next predict the oscillation property in ν e .
The top panel of FIG. 7 shows the spectrum in the case of the inverted mass hierarchy. After CNO, the neutrinos experience the MSW low resonance, and 30% of the ν e survives. From Eq. (3),
where ǫ is the survival probability just after CNO (e − y conversion is assumed). MSW low resonance significantly makes the fraction of the original ν e at Earth lower: if CNO does not happen, the fraction is maximum at 30% and CNO makes the fraction lower. The bottom panel of FIG . 7 shows the spectrum at Earth. The spectrum (red curve) almost looks like that of original ν X (blue curve).
For normal mass hierarchy, we obtain an approximate formula from Eq. (1) by similar analysis as above:
where ǫ is the survival probability just after CNO (e − x conversion is assumed).
The ν e emitted in the supernova can be detected in large numbers. Of the existing and planned neutrino detectors, DUNE is the primary detector with an expected high-statistics, clean ν e signal [88] . We use the cross section of the primary charge-current interaction on liquid argon, ν e + 40 Ar → e − + 40 K * based on the random phase approximation scheme of Ref. [89] . Using Eq. (6) we compute the event rates due to this reaction. We evaluate the number of the target nuclei taking DUNE's total fiducial volume to be 40 kton. We adopt a detection threshold of 5 MeV ν e energy and for simplicity assume a detection efficiency of 100%. The true threshold and efficiency remain to be determined. In reality, the supernova neutrino's low energy means that the interaction products may only leave stub-like tracks and blips in the liquid argon time-projection chamber; also, the signal may be vulnerable to radioactive and cosmogenic backgrounds [90] . More work is ongoing to understand the efficiency as a function of detector configuration. We estimate the number of events in 50 ms bins and the hardness ratio with E c = 15 MeV, and show their time evolutions in  FIG. 8 .
In the case of inverted mass hierarchy, the spectrum of ν e becomes hard after CNO. In the top panel of FIG. 8 , the blue (red) line is the event number and the hardness ratio without (with) CNO. Equation (11) shows that the CNO decreases the fraction of original ν e in the spectrum at Earth and increases the fraction of original ν X . As a result, the spectrum becomes hard after CNO happen. That feature appears before 281 ms. In the later explosion phase, such as 331 and 381 ms, however, x−y mixing after e − y conversion as shown in bottom panel of FIG.4 occurs actively in the neutrino sector. Such prominent three flavor mixing makes the hardness ratio of ν e small in the inverted mass hierarchy. This behavior can be explained by considering the survival probability η in the x − y conversions. The final ν e flux on Earth is described
which reproduces Eq.(11) under the two flavor limit in e − y sector (η → 1). As shown in Eq.(13), three flavor mixing (0 ≤ η < 1) increases the fraction of original ν e which prevents hard ν e spectrum on Earth. To make the error bar of the hardness ratio smaller than the model difference, the source distance should be less than ∼ 4 kpc.
On the other hand, CNO makes the spectrum soft in the case of normal mass hierarchy regardless of three flavor mixing. The bottom panel of FIG. 8 shows the time evolution of event rate and the hardness ratio for the normal mass hierarchy. The blue line is without CNO, i.e., ǫ = 1 in Eq. (12) . Here, the survival probability of ν e at Earth is 0 by the MSW high resonance. CNO cancels the effect of the MSW high resonance. Then the survival probability become finite and at most 70% (see Eq. (12) and substitute ǫ = 0). Although the MSW low resonance also decreases the survival probability, still a fraction of the original ν e remains at Earth. This makes the spectrum soft. Since the amplitude of this softening is large compared to the error bar of the hardness ratio, we can detect the effect even if the source distance is ∼ 10 kpc.
Synergistic observation
We summarize the effect of CNO in Table I . In the case of the inverted mass hierarchy, theν e spectrum without CNO is hard since the original-ν X spectrum is observed at Earth (see the second column of the third row). The spectrum becomes soft if CNO takes place (see the third column of the third row). On the other hand, the spectrum of ν e is soft before the occurrence of CNO (see Eq. (11)). Here, CNO makes the spectrum hard before the three flavor mixing in CNO is switched on. After the non-linear three flavor mixing, the fraction of original ν e increases and the spectrum becomes soft (see third column of the fourth row). To warn of this complicated behavior, we add a * mark in the table. The role of CNO in the normal mass hierarchy has the opposite effect as in the inverted mass hierarchy. Namely, the soft spectrum ofν e becomes harder with the onset of CNO. The CNO make the hard spectrum of ν e softer. These are summarized in the last two columns of table I.
Interestingly, the effect of CNO is such that when the spectrum ofν e is harder, that of ν e is softer. This means synergistic observations ofν e and ν e would be valuable to look for the occurrence of CNO. In this respect, the result from HK and DUNE will complement reach other very strongly. The horizon for joint observation appears to be slightly smaller than 10 kpc. For example, DUNE may capture the onset of CNO in the inverted mass hierarchy for sources closer than ∼ 4 kpc (see top panel of FIG. 8) . 
IV. SUMMARY AND DISCUSSION
We performed neutrino radiation hydrodynamic simulation of a 8.8M ⊙ progenitor and used the profile of the simulation to investigate the impact of collective neutrino oscillation (CNO) on the detected neutrinos on Earth. We considered Hyper-Kamiokande (HK), JUNO, and DUNE, and evaluated detectability defining a hardness ratio of the observed neutrino spectra. Our findings are summarized as follows.
• CNO happens after 200ms after bounce; it is suppressed by matter induced decoherence before this time.
• In the case of inverted mass hierarchy, the spectrum ofν e becomes softer after CNO sets in. The hardness ratio that we defined in Eq. (8) is helpful to identify the onset of the CNO effect. HK can distinguish this effect when the supernova happens within a distance of ∼ 10 kpc.
• In the case of normal mass hierarchy, the spectrum of ν e becomes softer after CNO happens. DUNE can distinguish this effect when the supernova happens within a distance of ∼ 10 kpc.
• If the spectrum ofν e becomes softer due to CNO, the spectrum of ν e becomes harder (and vice versa). This provides a synergistic opportunity to combine theν e and ν e from HK and DUNE as a valuable method to test the occurrence of CNO.
There are several limitations in this study. First, we finished our hydrodynamic simulations at 331ms after bounce, since the density of the envelope becomes too low and protrudes the region of our tabulated EoS. Due to that, we cannot investigate how long this CNO continues. Second, for the neutrino oscillation part, we have not included the effect of the neutrino-nucleon interactions [91] , the effect of the halo [92] , multi-azimuthal-angle instability [93] , fast flavor conversion [94, 95] and non-standard neutrino self-interactions [96, 97] , all of which can affect the resulting patterns. More studies will be needed to elucidate their effects and to draw robust conclusions about their detectability and differentiation.
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